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Introduction 

This  final  report  is  prepared  according  to  the  guidelines 
described  in  RDRD-CS  Form  18  (2  July  1973).  A number  of  reprints 
of  published  work  have  already  been  submitted  and  all  others  will 
be  forwarded  as  soon  as  they  become  available.  A listing  of  all 
publications  and  abstracts  derived  from  work  supported  b\  these 
ARO  contracts  is  presented  in  Section  III  of  this  report.  Since 
all  technical  data  will  be  presented  as  published  works,  the 
substance  of  this  final  report  is  presented  as  the  overall  summary 
described  In  Section  II. 
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II,  Summary  of  Research  - Covering  Period  of  July  1974  - June  30,  1977. 

1,  General  procedures. 

The  transcription  of  certain  inducible  enzyme  sysrams  in 
Escherichia  coli  does  not  occur  unless  the  promoter  sites  for  these 
operons  are  activated  by  a protein  - the  cataboiite  repression  protein 
(CRP)  - which  must  be  allosterically  modified  to  its  active,  binding 
conformation  by  a low  molecular  weight  cyclic  nucleotide  identified  as 
cyclic  AMP  (cAMP).  This  regulatory  phenomenon  is  known  as  cataboiite 
repression  (CR)  and  involves  synthesis  of  transport  proteins  and 
dissimilatory  enzymes  chat  are  utilized  in  Che  catabolism  of  substrates 
such  as  lactose,  glycerol,  the  pentoses,  and  many  others.  The  specific 
inducers  for  each  of  these  operons  (c.g,,  3-galactosldas  for  Im  tose 
dissimilation,  etc.)  and  the  cAMP-CRP  complex  must  be  simoltaneously 
available  if  transcription  is  to  be  initiated.  When  cells  susceptible 
to  CR  are  grown  on  other  substrates  such  ns  glucose,  gluconate, 
or  glucGse-b-pbosphate  their  production  of  cAHP  is  inhibited  resulting 
in  lowered  cAMP-CiU*  luvelt.  and  a consequent  repression  of  those 
transcriptions  requiring  activation  by  this  complex.  In  other  words, 
the  amount  of  c.\MP  produced  under  these  growth  conditions  is  insuff'- 
Icient  to  produce  the  cAMP^'CRP  conformation  needed  to  allow  certain 
operons  to  be  transcribed.  Other  cataboiite  reprussible  operons, 
however,  ..ppareniiy  continue  to  be  transcribed  until  the  intracellular 
CAMP  pool  is  lowered  even  further  as  occurs  i\\  £)‘a  mutant  strains  in 
which  adenylate  cyclase  is  nut  synthesized.  Mutants  unable  to 
synthesize  tiie  CUP  protein  (crp  mutants)  are  also  unable  to  synthesize 
cataboiite  repressible  proteins. 
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In  wild  type  cells  CR  can  be  overcome  by  adding  exogenous  cAMP 
to  the  culture  medium  containing  the  repressor  substrates.  In  cyn 
mutants,  exogenous  cAMP  must  be  added  to  the  culture  mediuio  in  order 
for  the  cells  to  synthesize  the  catabolite  repressible  proteins,  and 
in  crp  mutants  these  proteins  are  not  synthesized  regardless  of 
availability  of  cAMP,  In  studying  systems  suspected  of  requiring 
the  cAMP-CRP  complex  it  Is  necessary  to  use  these  two  mutant  strains 
in  addition  to  the  wild  type,  parental  cells.  This  was  done  in  the 
research  summarized  here.  The  objective  of  these  studies  was  to 
determine  the  extent  to  which  the  membrane  functions  of  t,  coll, 
particularly  those  involving  transport  activities,  were  ve.'r.ulatud  by 
the  cAMP-CKP  regulatory  system.  Although  these  studies  are  far  from 
complete  excellent  progress  was  made  and  a cohesive  body  of  new 
information  was  generated  during  the  period  covered  by  this  contract. 
If  all  manuscripts  yet  outstanding  are  completed  and  accepted  for 
publication  within  the  next  few  months » a total  of  11  papers  and  4 
abstracts  of  papers  presented  at  the  national  meetings  of  the  American 
Society  fur  Microbiology  will  have  been  generated  as  a result  of  this 
contract. 

2.  Transport  of  glucosc~6“phosphatc.  Transport  proteins 
involved  in  metabolism  of  substrates  such  as  ghceroU  lactosc,  and 
the  pentoses  are  synchosiaed  under  cAMP-CUP  regulation.  We  have 
established  that  the  hexoso  phosphate  transport  (UPT)  system  used  for 
glucoso-6~pausphate  (GbP)  uoiaUe  is  also  regula.ed  in  this  fashion 
(2,9).  We  dewunsciated  chat  there  was  only  one  IU*t  system  in  U.  col  1 
cells  - a point  oi  confusion  based  on  eat  I it r literature,  and  that 


prior  confusion  concerning  the  apparent  Km  for  G6P  transport 
could  be  attributed  to  the  fact  that  different  researchers  used 
different  concentrations  of  phosphate  in  their  uptake  assay  systeras. 

We  showed  that  the  Km  for  G6P  uptake  Increased  linear 11 y with  Che 
increase  of  phosphate.  Also,  we  demonstrated  that  it  was  critical 
to  purify  conunercial  radioactive  GC?  before  use  in  transport  studies. 
Other  workers  have  apparently  not  done  so  resulting  In  some  misleading 
information  in  the  literature. 

3.  Role  of  cAMP-CRP  In  the  PTS.  While  it  was  not  surprising 
that  synthesis  of  the  HPT  required  cAMP-CRP,  we  were  surprif^evl  to 
discover  that  the  phusphosnolpyruvace:  phosphotranstevase  system 
(PTS)  was  also  under  this  control.  Cya  and  crp  mutants  were  found  to 
be  unable  to  synthesize  the  high  affinity  (Km  10  vim)  transport 
system  for  glucose  (2,4,5).  Cvv  cells  synthesized  this  latter  system 
only  if  cAMP  was  added  to  the  growth  medium;  er£  mutants  were  unable 
to  synthesize  this  .system  unde.’  any  circunistance.  This  finding  rained 
questions  concerninH  the  nature  of  the  regul.ttory  interact  ions  that 
oscist  between  the  PTS  and  the  cAMP-^CRP  systems  in  these  b^.c'eria. 
Others  had  already  shown  that  the  PTS  inhibited  eA.MP  synthesis  by 
controlling  adenylate  cyelasc  activity.  Our  data  suggest  this 
regulation  is  cyclic  in  nature  with  cAHP«CUP  required  for  the  cells  to 
synthesize  factors  lU  and  11  b which  are  believed  te  be  the 
components  unique  to  the  high  aft  ini ly  PTli. 

ton  of  PTS  and  cAMP^CRP  double  mniantH.  We  have 
proposed  that  If  the  cyclic  nature  of  this  interaction  is  to  be  under- 
stood at  the  mechanistic  level  it  will  be  necessary  tu  analyze  mutant 
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strains  that  lack  components  of  the  PTS  and  the  cAMP-CRP  systems. 

In  this  connection  we  undertook  construction  of  mutants  lacking  both 
systems.  For  this  purpose.  Salmonella  typhimurium  strains  having 
well  characterized  single  and  extended  deletions  of  the  PTS  were 
used  alov;g  with  strains  of  this  organrsr,s  mutated  in  the  or  cro 
genes.  Through  appropriate  transduction  experiments  we  were  able  to 
construct  strains  having  the  following  g^inotypis;  pts  I ? cya, 
pts  I 7 crp.  pts  H cya,  pts  H crp.  pts  I err  7 cv'i,  pts  HI  V cya, 

pts  HI  9 crp.  pts  HI  err  P cya.  These  "double''  mutants  have  now  betn 

well  characterized  and  studied  with  lespnct  to  their  ability  to 
synthesise  the  anaerobic,  inducible  biodegradacive  threonine  deaminase 
(lA).  These  studies  are  still  incomplete  and  must  include  assays 
for  ci^lP  production  and  L-thrconinc  transport  capacities  in  all 
strains.  To  date,  however,  our  data  with  these  "double  mutants" 

indicate  that  the  pt>H  U and  nt»i  1 gene  products  somehow  repress  the 

organism's  ability  to  synthesize  the  biode4radativu  threonine 
deaminase  watch  is  regulated  by  the  cAMP-CRP  complex.  We  anticipate 
that  valuable  inforcuition  will  be  obtained  when  these  new  "double" 
mutants  are  examined  in  further  detail, 

StudluH  on  membrane  eoergetics.  Transport  ef  substrates 
across  the  bacterial  membrane  must  be  studied  if,  .ems  of  the  energeii'?* 
involved  in  the  process.  In  the  case  k*f  PTS  substrates  the  mechanism 
of  transport  is  vectorl.nl  phosphorylation  in.  which  phoHpU»*u,iolpyruvaiu 
(I'ElO  is  the  energy  donor.  Transport  of  other  substrates  such  as 
methteninc  or  glutamine  utili.no  ATI*  directly  in  some  master.  The 
majority  oi  subsitr.ttes  tr,tnsported  under  aerobic  conditions  enter  the 
coils  utilizing  a proton  motive  force  (3*Ms:*^  cou'^lsting  of  ii'*'  and  ionic 


gradients  established  across  the  membrane  during  ex>  rgonic 
dissimilations.  Specific  syraport  proteins  (translocators)  transport 
the  substrates  into  the  cells  as  energized  by  the  PMF,  The  foniuition 
of  this  PMF  is  also  believed  responsible  for  synthesis  oi  intra- 
cellular ATP  via  the  oxidative  phosphorylation  coupling  or  electron 
transfer  to  the  ATPase  reaction:  Pi  + ADP  •*  ATP. 

Our  studies  have  shown  that  cAMP-CRP  regulation  plays  an 
important  role  in  these  PMF-associated  nemorane  function.’  in  h.  coU. 
We  have  established  that  this  complex  is  needed  for  1)  ni>r;nal 
synthesis  of  the  organism's  cytochrome  system  (1,5),  2)  formation 
of  the  primary  dehydrogenases:  NADH  dehydrogenase,  D-lactace 

dehydrogenase,  and  succinate  dehydrogenase,  reduction  of  0.,  by 

«• 

the  substrates:  NADU,  D-lactatc,  and  succinate,  4)  foruuttion  of  the 
02-Uuked  transhydrogenane  and  5)  synthesis  of  the  flavin  cofacur.s: 
FMN  and  FAD  (7),  FAD  Levels  In  cya  and  cvp  mutant  cells,  for  exampla, 
were  only  10£  of  wild-type  levels  (7).  The  naphtoquinone  lovc)s  u: 
those  cells  seem  unaffected  by  these  mutations.  From  these  dati  we 
concluded  that  the  m:tjor  components  of  the  C.  coll  electron  transport 
system  are  regulated  by  cAMP-CHP. 

Continuing  along  these  lines,  we  wove  then  at>n)  able  to  show 
that  this  regulatory  complex  was  very  much  involved  rn  the  ability 
of  Colt  to  generate  a PMF  from  U»lac*.ato  at»d  to  use  this  PMF  sor 
ATP  synthesis,  ATPase  coacentratiote.  [(e*'  si  seowed  unaffected  by 
this  complex.  When  the  artificial  energy  source  - phenozine 
mcthosulfate-ascrobate  - was  used  to  energize  the  t>HF  instead  of 
U-lactate,  the  cva  and  crp  mutant  cells  were  found  to  be  totally 


unable  to  form  a wild-type  PMF  or  generace  ATP  synthesis  from 
this  substrate.  These  findings  have  important  and  far  reacliing 
Implications  concerning  bacterial  membrane  energetics.  Much  work 
yet  remains  to  be  done  in  this  area  although  we  can  now  safely 
conclude  that  the  cAMP-CRP  complex  is  intimately  involved  ir. 
regulating  membrane  bioenergetics  (7). 

6.  Role  of  cAMP-CRP  in  construction  and  functior  oi-  the 
E.  colt  outer  membrane  and  periplasmic  proteins.  at^ve 

discussed  transport  ani  energetic  functions  are  believed  to  be 
associated  primarily  with  the  inner  membrane  - that  is  with  the 
cytoplasmic  membrano  of  the  Gram  negative  envelope  which  includes 
an  outer  unit  membrane  as  well  as  an  inner  membMoo.  Having  shown 
that  cAMP'CRP  regulates  inner  membrane  activities  we  sought  to 
determine  ii  it  was  also  involved  in  rogulnttng  puiiplasmic  mid 
outer  membrane  proteins  as  well.  To  answer  nhis  question  we 
analysed  some  uC  the  ensyews  of  the  periplasr.ic  region  and  the 
protelnH  of  the  outer  membrane  by  SDS-gel  oiectrophoresis. 

Parental  and  mutant  ceils  were  ^ubjeeteu  to  mild  ostiotic  shack 
sufftclenc  to  OAtract  periplasmic  proteins  as  deseribed  in  tne 
literature.  Periplasmie  acid  and  alkaline  phosphatase  but  not  cyclic 
phosphudiosterase  were  C.aund  to  be  reduced  by  approximately  ^OZ  by 
the  and  4^  strains,  this  d.‘ita  vhoved  that  this  portion  of  the 
V envelope  was  influanc-nl  by  cAMP-GKP  regulation.  Analyses  oi 
outer  membrane  protein:*  extracted  hy  tlio  GchtutUmitn  procndure  and 
separated  by  SDS-acry«a;aAiuv  elotirophoresis  « hawed  that  this  regi'in 
was  also  under  cAMP-CKP  control.  One  protein  was  almost  totally 
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absent  in  the  mutant  cells.  This  protein  has  now  been  identified 
as  the  phage  binding  protein  (3,12,13).  During  the  course  of 
these  studies  a novel  technique  was  discovered  for  isolating  the 
binding  funding  protein  from  outer  membrane  preparations  (1^). 

In  this  procedure  a known  concentration  of  phage  is  imbedded  in 
the  loading  gel  region  of  tuc  acrylamide  gel  .aod  the  out;r  membri^ne 
sample  added  in  the  usual  ma.iaer.  After  electrophoreses  it  can  be 
shown  that  all  proteins  migrate  through  the  gel  except  tho  T^-binding 
protein.  The  latter  can  be  removed  from  the  phage  subscqu«nti>  by 
increasing  the  electrophoretic  current. 

It  has  been  reported  by  others  that  the  ‘1'^  binding  protein  in 
also  the  coliclu  K binding  site,  and  what  this  site  has  some  type  o-; 
regulator  function  in  controlling  membrane  ATP  synthesis  viu  elecutvai 
transport  activitius.  All  proteins  known  to  be  regulated  by  cA)tP- 
CRP  have  some  involvement  in  tUe  or^.uiiari’s  carbon  and  energy 
metabolism.  The  binding  protein  scemou  to  be  an  oxceptiun  to 
this  rnie.  Hov.'ever,  it  it  is  indeed  involved  in  the  uoll'^  - 

lunctiun  this  principle  still  holds.  Vu  ate  ouviously  intinestcv* 
carrying  out  tut thur  work  with  this  pavtit^ulat  outer  mettdirane  protein. 


yatty  atU  “•oni.ent  uadjif  igJdlP-**  Fatty  acid 

attalyscs  nhowvd  that  « .and  »•; p autaa.  oils*  'ower  levels  of 
palmltoloic  ..nd  nls-t  ween*.,  and  hiptu  r level;;  *-f  ei*»-9,.l0  mcthyleui! 
hexadecanolc  aewd  tit  ut  did  of  ' viid-lype  ; ’llti  tt  is  not  ka.wn 

what  generalised  effuets  these  .tlte'^.itivns  mav  have  on  membrane 


organiaation,! luidlty,  ewe.,  b ‘t  it  .an  bw  au.<'imed  that  they  do 
play  some  role  in  lae  organism's  me&,dwanu  functions. 
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8.  Genatlv-  a’-^npression  of  the  cAMP  re.quirer.!enu.  During  our 
work  with  eya  auV.tinti  (ji.  coll  strain  C-57  in  partioaiar)  it  was 
observed  that  they  tended  to  be  unstable.  We  discovered  that  this 
instability  tv’as  not  the-  result  of  reversion  back  to  the  wild-type 
state,  but  rather,  to  the  emergence  of  a new  type  of  mutation. 

This  new  mutation  was  subsequently  found  to  be  a suppressor  mutation 
for  the  cAM?  requirement  in  this  organism.  These  mutants  have  now 
been  obtained  from  all  cya  strains  available  ir.ciuding  a oya 
detection  strain.  They  all  retain  the  cva  character  but  regain 
wild-type  ability  to  grow  on  all  substrates  without  need  for 
endogenously  produced  or  exogenously  adned  cMP.  Not  only  do  they 
no  longer  need  cAMP,  they  are  in  fact  inhibited  by  even  low 
concentration  of  cAMP  during  growth  cn  certain  substrates.  This 
inhibition  was  found  to  be  the  result  of  the  following  sequence  of 
events:  1)  in  the  presence  of  cAMP  tha  suppressor  mutants  synthesize, 
higher  than  wild-type  levels  of  certain  transport  systems  (e.g., 
xylose  or  8-galactoside  transport);  2)  high  uptake  rates  increase  the 
intracellular  c.atabolite  pools,  including  presumably  dehydroxyaceiont* 
phosphate  (DHAP),  which  is  normally  produced  in  only  small  amounto 
and  which  is  the  substrate  for  tuethylglyoxal  (MG)  synthase;  3)  MG 
synthase  levels  increase  .ipproximately  2-5  fold  during  growth  in  the 
presence  of  cAMP,  but  the  levels  of  MG  dissimi lating  cncymes, 
glyoxalasc  1 and  D-lactate  denycrogenase,  do  not  vary  from  wild-type 
levels.  As  a result  of  these  c.AMP-induced  changes  In  these  cells  MG 
accumulates  to  a level  of  approximately  0.40  uiM  which  is  toxic  to  the 
colls  and  further  growth  ceases  (10), 


These  suppressor  mutants,  designated  csm  mutations  (cAMP  suppressor 
mutations)  have  been  studied  genetically  and  found  to  occur  ir.  the 
crp  region  (8).  It  is  thus  proposed  that  the  csm  mutation  causes 
synthesis  of  an  altered  CRP  which  functions  in  promoting  initiation 
without  modification  by  cAMP.  We  are  currently  attempting  to  analy^ 
the  CRP  from  these  suppressor  strains  and  characterize  the  changes 
brought  about  by  the  suppressor  mutation. 

9.  Transport  studies  using  the  csm  mutant's,  Th csm  mutants 
have  a number  of  altered  transport  properties  that  are  interesting 
and  currently  under  investigation.  Another  intereating  property 
which  is  perhaps  related  to  transport  activities  is  their  ability  to 
show  a typical  catabolite  repression  response  to  b-galactosidase 
synthesis  despite  the  fact  that  they  lack  adenylate  cyclase  activity 
Inhibition  of  the  latter  is  thought  to  be  the  basis  for  catnbclUo 
repression.  One  can  induce  high  rates  of  B-gala.;tosldase  synlnesws 
in  the  csm  mutants  and  then  I’epress  this  synthesis  by  addition  of 
glucose.  This  repression  in  turn  can  be  comolecely  overturned  by 
addition  of  cAMP.  Since  adenylace  cyclase  can’t  be  Involved,  this 
phenomenon  is  not  true  catabolite  repression  per  se  or  the  generally 
accepted  mcchanlsn\  explaining  catabolite  repression  Ir.  incorrect. 
Work  along  these  lines  is  also  continuing. 

10,  Progress  rc>sume.  In  my  oplnton  the  wv/ck  conducted  under 
this  contract  was  exceedingly  productive.  CUar  insights  were 
developed  us  to  the  role  of  cAMP-CRP  as  a regu. ator  of  key  membrane 
activ-tlen  in  _E.  coU . Ma.ior  transport  and  bloenorgetic  functions 
of  the  K,  coi 1 membrane  system  are  regulated  by  this  complex  at  the 


genetic  level.  These  studies  were  also  productive  in  raising 
new  issues  and  questions  that  allow  us  to  probe  deeper  into  the 
intricate  biochemical  processes  that  reside  in  biomembranos  aitc 
which  are  of  extreme  importance  to  cell  growth  and  survival . 
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